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Magnetic fluctuations in the molecular-intercalated FeSe superconductor
Lix(ND2)y(ND3)1−yFe2Se2 (Tc = 43K) have been measured by inelastic neutron scattering
from a powder sample. The strongest magnetic scattering is observed at a wave vector Q ≈ 1.4
Å−1, which is not consistent with the (pi, 0) nesting wave vector that characterizes magnetic
fluctuations in several other iron-based superconductors, but is close to the (pi, pi/2) position found
for AxFe2−ySe2 systems. At the energies probed (∼ 5kBTc), the magnetic scattering increases in
intensity with decreasing temperature below Tc, consistent with the superconductivity-induced
magnetic resonance found in other iron-based superconductors.
PACS numbers: 74.25.Ha, 74.70.Xa, 78.70.Nx, 75.40.Gb
The new molecular-intercalated FeSe compounds, with
superconducting transition temperatures (Tc) of up to
45K, present a new test-bed for understanding the Fe-
based superconductors.1,2 The inclusion of molecules be-
tween the FeSe layers, such as ammonia/amide and pyri-
dine, in addition to alkali metal ions, appears to lengthen
the c-axis and promote higher Tcs than ever before seen
in FeSe-based systems.1–5 An individual FeSe layer in
these compounds is similar to a layer of pure FeSe,
but the stacking of the layers along the c axis is like
in AxFe2−ySe2 systems rather than in FeSe. So far
the mechanism for the increased Tc and its relationship
with the FeSe1−xTex and AxFe2−ySe2 superconductors
remains unclear.
The maximum Tc of the FeSe1−xTex series is ∼14.5K
at ambient pressure,6,7 rising to nearly 37K at pressures
of 8.9 kbar.8 Superconductivity has been found up to 30K
in AxFe2−ySe2 systems (A = K, Rb, Cs).9–12 Unfortu-
nately, AxFe2−ySe2 superconductors are inhomogeneous
and the precise composition of the superconducting phase
is still under dispute, making the physics in these mate-
rials difficult to unravel.13
There is strong evidence that magnetic fluctuations
couple to superconductivity in the Fe-based supercon-
ductors. Among the key observations is the so-called
magnetic resonance peak. This is a magnetic mode ob-
served in neutron scattering spectra at an energy Eres
close to the superconducting gap energy and at a well-
defined wave vector Qres, whose intensity increases on
cooling through Tc. The resonance behavior is usually
ascribed to the BCS coherence factors.14 For singlet pair-
ing, the resonance peak results from strong scattering
between portions of the Fermi surface connected by Qres
on which the superconducting gap function has oppo-
site sign.15,16 Therefore, measurements of the resonance
peak can provide fundamental information about the su-
perconducting state.
In common with many of the iron arsenide supercon-
ductors, the magnetic resonance peak of optimally-doped
FeSe1−xTex is found at Qres = (pi, 0) with respect to the
Fe square lattice.17–20 However, the AxFe2−ySe2 systems
have Qres = (pi, pi/2).21–23 The (pi, 0) wave vector cor-
responds to the displacement between quasi-nested hole
and electron pockets on the Fermi surfaces of many iron-
based superconductors, and the existence of a (pi, 0) reso-
nance peak has been cited as strong evidence in favour of
s± symmetry of the superconducting gap.15,24–27 In con-
trast, the (pi, pi/2) resonance peak, in conjunction with
the lack of a hole pocket in ARPES measurements, was
suggested to indicate d-wave pairing in AxFe2−ySe2.28,29
It is currently unclear where the molecular-intercalated
FeSe systems fit into this picture. Yan and Gao per-
formed Fermi surface calculations for alkali-metal-ion-
intercalated FeSe, predicting different crystal structures
and very different Fermi surfaces for Tc ∼ 30K and
∼ 40K systems.30 For the latter, they found the elec-
tronic structure to be very similar to that of the iron-
arsenide systems. The Lix(ND2)y(ND3)1−yFe2Se2 sys-
tem shows Tc≈ 43K, and a diffraction study deter-
mined its structure to be consistent with Yan and
Gao’s 40K model.2 In addition, µSR measurements on
Lix(C5H5N)yFe2−zSe2 found that the temperature de-
pendence of the superconducting penetration depth is
consistent with an s± model.31 These results seem to
indicate that the molecular-intercalated FeSe systems
are similar to FeSe1−xTex, and present different physics
to AxFe2−ySe2. However, experiments with other tech-
niques are needed to piece together a more complete pic-
ture of the superconductivity in these high-Tc systems.
Here we present neutron inelastic scattering mea-
surements on a molecular-intercalated FeSe system
Lix(ND2)y(ND3)1−yFe2Se2. We find strong magnetic
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2fluctuations that increase on cooling below Tc, consistent
with a resonance peak. The magnetic signal in momen-
tum space is not described by the usual (pi, 0) wave vec-
tor, but is closer to (pi, pi/2) as observed in AxFe2−ySe2.
Our results suggest that Lix(ND2)y(ND3)1−yFe2Se2
could be similar to the minority superconducting phase
found in AxFe2−ySe2.
The polycrystalline sample was prepared from tetrag-
onal FeSe by the intercalation of lithium and ammonia
between the layers via the route described in Ref. 2.
Deuterated material was used to avoid a large incoher-
ent scattering from protons in the neutron scattering ex-
periments. The crystal structure and typical magnetiza-
tion measurements are reported in Ref. 2. For a sam-
ple with Tc= 43K, diffraction data revealed a composi-
tion Li0.6(ND2)0.2(ND3)0.8Fe2Se2, with lattice parame-
ters a = 3.8059(1)Å and c = 16.1795(6)Å at 8K for the
space group I4/mmm.
The inelastic neutron scattering experiments were per-
formed on the MERLIN time-of-flight chopper spectrom-
eter at the ISIS Facility.32 The large, position-sensitive
detector arrays on this instrument allow us to search for
magnetic excitations in a large region of (Q,E) space in a
single measurement. 11.4 g of Lix(ND2)y(ND3)1−yFe2Se2
powder was sealed inside a cylindrical aluminium can
and mounted in a top-loading closed-cycle refrigerator.
All handling was carried out in an inert gas atmosphere,
and re-measurement of portions of the sample by SQUID
magnetometry and X-ray and neutron diffraction con-
firmed that the samples were unchanged after the ex-
periment. Spectra were recorded with neutrons of inci-
dent energy Ei = 80 meV at a number of temperatures
between 5 and 67K. The energy resolution in this con-
figuration was ~5.5meV, estimated from the full width
at half maximum of the incoherent part of the elastic
peak. The presented spectra have been normalised by
the Bose population factor. The scattering from a stan-
dard vanadium sample was used to normalize the spectra
and place them on an absolute intensity scale, with units
mb sr−1meV−1 f.u.−1, where 1mb = 10−31m2 and f.u.
stands for formula unit of Li0.6(ND2)0.2(ND3)0.8Fe2Se2.
Figure 1 compares the scattering intensity from
Lix(ND2)y(ND3)1−yFe2Se2 at temperatures above and
below Tc for three energies between 16 and 28meV. Runs
performed at 58 and 67K were used for the T > Tc ref-
erence data, and were combined in order to improve the
statistics. The justification for averaging these runs is
that after correction for the Bose population factor there
was no detectable difference between the intensities mea-
sured at 58 and 67K (see Fig. 3).
All three constant-energy cuts shown in Fig. 1 exhibit
a significant difference between the response at 5K and
at T > Tc. We expect the scattering intensity at these
energies to be due to phonon and inelastic magnetic scat-
tering processes, with phonon scattering accounting for
the general increase in signal with Q seen in Fig. 1. How-
ever, within the (Q,E) region shown we can reasonably
expect the Bose factor correction to nullify the change in
1 1.5 2
10
11
12
13
14
15
16
17
18
19
Q (Å−1)
In
te
ns
ity
 (m
b s
r−1
 
m
e
V−
1  
f.u
.−1
)
5 K
T > T
c
16<E<20 meV
20<E<24 meV
24<E<28 meV
Figure 1. (Color online) Neutron scattering from polycrys-
talline Lix(ND2)y(ND3)1−yFe2Se2 as a function of wave vec-
tor. Data are shown averaged over three energy ranges as
indicated, the upper two having being displaced vertically for
clarity. The filled blue symbols represent data collected at
5K, and the open red symbols represent the T > Tc data,
a combination of 58K and 67K data as described in the
text. The intensities have been normalized by the Bose factor
[1− exp(−E/kBT )]−1.
phonon scattering intensity with temperature, so we at-
tribute the extra intensity at 5K to magnetic scattering.
A clearer picture of the magnetic scattering is pro-
vided by Fig. 2, which displays the difference between
the intensity at 5K and at T > Tc. Each cut contains
two peaks, one centered at Q1 ≈ 1.4 Å−1 and the other
at Q2 ≈ 2 Å−1. To quantify these peaks we fitted the
subtracted data to two Gaussian functions, allowing the
width, center, and amplitude of each Gaussian to vary
independently. The fitted centers (Qi) and widths (σi)
are given in Table I. In subsequent fits at other tem-
peratures (not shown) the peak centers and widths were
constrained to the values in Table I and only the areas
of the peaks were allowed to vary.
The peak area (integrated intensity) gives a measure
of the strength of the magnetic fluctuations. The areas
of the fitted Q1 ≈ 1.4 Å−1 peaks are plotted in Fig. 3
as a function of temperature. There is a general trend
of increasing area with decreasing temperature below Tc.
The data are not of sufficient statistical quality to extract
a meaningful trend for the area of the Q2 ≈ 2 Å−1 peak
as a function of temperature, however this peak was in-
cluded in all fits to avoid attributing excess signal to the
lower Q peak.
To interpret the results we need to relate the powder-
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Figure 2. (Color online) Difference between the intensity mea-
sured at T < Tc and T > Tc for each pair of constant-energy
cuts shown in Fig. 1. Successive plots are displaced vertically
by one unit for clarity. The solid lines are the results of fits
to two Gaussian peaks, as described in the text. The wave
vector corresponding to the position (0.5, 0, 0) ≡ (pi, 0, 0) in
momentum space is marked by the dashed line for reference.
Energy (meV) Q1 (Å−1) σ1 (Å−1) Q2 (Å−1) σ2 (Å−1)
16 < E < 20 1.37(2) 0.16(2) 2.03(4) 0.09(4)
20 < E < 24 1.42(1) 0.11(1) 1.86(5) 0.15(5)
24 < E < 28 1.47(2) 0.13(3) 2.01(4) 0.18(5)
Table I. Results of fitting two Gaussian functions to the data
shown in Fig. 2. The best-fit parameters and errors (in paren-
theses) are the result of a least-squares fitting procedure. The
Qi are the Gaussian peak centers and the σi are the corre-
sponding standard deviations, where σ = FWHM/(2
√
2 ln 2).
averaged Q values of the magnetic peaks to wave vectors
in the Brillouin zone. Figure 4 is a map of the (H,K)
plane in two-dimensional (2D) reciprocal space. We ne-
glect the out-of-plane wave vector component for now,
and we index positions with respect to the one-Fe unit
cell which has in-plane lattice parameter a = b = 2.691Å.
The map shows the positions of previous observations of
a neutron spin resonance in iron-based superconductors
at (0.5, 0) [≡ (pi, 0)] and (0.5, 0.25) [≡ (pi, pi/2)]. The cir-
cles represent the locus of points in the 2D Brillouin zone
that have Q = 1.4 Å−1 and 2.0 Å−1, corresponding to the
two peak positions in Fig. 2.
It is immediately clear from Fig. 4 that the wave vec-
tor (0.5, 0) and equivalent positions cannot account for
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Figure 3. (Color online) Integrated intensity of the signal
at Q ≈ 1.4Å−1 as a function of temperature for the three
energy ranges indicated. Diamonds, upright triangles and
circles all represent results of fits to I(5K)−I(T > Tc), where
the T > Tc data is a combination of 58K and 67K data as
described in the text. Inverted triangles are from similar fits
to I(58K)−I(67K). Square symbols marks the zero reference
point at T = 67K.
the Q1 and Q2 values at which we observe magnetic scat-
tering. The wave vector corresponding to (0.5, 0) is also
marked on Fig. 2 to show that it is displaced away from
the maximum of the Q1 peak. We also find no evidence
for magnetic scattering at wave vectors such as (0.7, 0.1)
(Q = 1.65 Å−1) where magnetic order and strong mag-
netic fluctuations are observed in the
√
5×√5 Fe vacancy-
ordered phase of the bi-phasic AxFe2−ySe2 superconduc-
tors. We do, however, find that the circles of radius Q1
and Q2 pass quite close to the (0.5, 0.25) ≡ (pi, pi/2)
set of wave vectors and their second order positions
(0.5, 0.75) ≡ (pi, 3pi/2), etc., where the resonance is seen
in AxFe2−ySe2 superconductors.21–23
We now consider the effect of the out-of-plane wave
vector component, L, on the peak positions. The
magnetic fluctuations are likely to be 2D like those in
FeSe1−xTex and AxFe2−ySe2,28,34 therefore we expect
the magnetic signal to be highly extended in the (0, 0, L)
direction. The effect of powder-averaging on 2D scatter-
ing is to shift the peak to a higher Q than Q = |(H,K, 0)|
due to the contribution from (H,K,L 6= 0) (which, how-
ever, diminishes with increasing L due to the magnetic
form factor of Fe). We can estimate this shift from in-
elastic neutron scattering measurements on powder and
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Figure 4. (Color online) Map of two-dimensional reciprocal
space for Lix(ND2)y(ND3)1−yFe2Se2 referred to the one-Fe
unit cell. The dashed square marks the first Brillouin zone
boundary. The solid and dashed rings show the values of Q
where magnetic signals are observed in our powder data, if
that signal is assumed to have no out-of-plane component.
The additional symbols in the upper-right quadrant show the
first and second order resonance peak positions predicted in
Ref. 33.
single crystal samples of LiFeAs.35,36 The magnetic peak
in the powder data is at Q = 1.24 Å−1, whereas the ob-
served in-plane wave vector (0.5,±0.07) has magnitude
Q = 1.19 Å−1, giving a shift due to powder-averaging of
∆Q = 0.05 Å−1. Applying this correction to the res-
onance wave vector of AxFe2−ySe2 we obtain Qres =
|(0.5, 0.25, 0)| + ∆Q = 1.36 Å−1, which is close to, but
smaller than Q1 = 1.4 Å−1 observed here.
This analysis suggests that the peak at Q1 cannot be
explained simply by the effect of powder averaging a 2D
signal with wave vector (0.5, 0.25, L). This conclusion
is supported by the fact that Q2 ≈ 2.0 Å−1 is lower
than the value expected from |(0.5, 0.75, 0)| = 2.10 Å−1
(Fig. 4). Interestingly, however, the wave vector Qres =
(0.5, 0.31) predicted from band structure calculations of
AxFe2−ySe2 (Ref. 33) reproduces both the Q1 and Q2
peaks very well, as shown in Fig. 4.
The temperature dependence of the magnetic peak,
Fig. 3, is similar to that of resonance peaks observed
in other Fe-based superconductors, with an increase in
the intensity with decreasing temperature below Tc (or
starting slightly above Tc). This behavior is often cited
as evidence for a link between magnetic fluctuations and
superconductivity (for a review see Ref. 37).
The lowest temperature point of the 16 < E < 20meV
data in Fig. 3 has an anomalously high integrated in-
tensity, which correlates with an anomalously large peak
width — see Table I. Inspection of Figs. 1 and 2 shows
that this increased width appears to be caused by addi-
tional intensity on the low Q side of the peak. The origin
of this additional scattering is not known, but one possi-
bility is the presence of a magnetic resonance mode with a
wave vector near (0.5, 0). This could originate from a sec-
ondary superconducting phase with a Tc of between 5 and
10K. An impurity of tetragonal FeSe would be a potential
secondary phase in Lix(ND2)y(ND3)1−yFe2Se2, but X-
ray and neutron diffraction measurements on the sample
used in this experiment rules out FeSe above the 4wt%
level. It is also possible that the anomalous intensity is
related to the increase in relaxation below ∼ 10K ob-
served in the µSR measurements on the same material.2
The resonance peak in other Fe-based superconductors
is observed over a limited range of energy around Eres ∼
5kBTc. For the sample of Lix(ND2)y(ND3)1−yFe2Se2
studied here, 5kBTc ≈ 19meV, so the enhancement in
intensity observed below Tc in Fig. 3 is consistent with
a magnetic resonance with Eres ∼ 5kBTc. However, to
confirm this it is desirable to extend measurements of
the spectrum to higher and lower energies than we could
probe in this experiment.38
Since our intensity measurements are calibrated we can
also compare the strength of the magnetic signal found
here to that observed for other Fe-based superconductors.
The integrated intensity for the 24 < E < 28meV Q-cut
at 5K (Fig. 3) is 0.07(1)mb sr−1meV−1Å−1 per Fe (the
formula unit contains two Fe atoms). A similar powder
measurement on superconducting LiFeAs, Ref. 35, found
the integrated intensity at the peak energy of the mag-
netic resonance to be 0.073(5)mb sr−1meV−1Å−1 per Fe
at 6K, which is known to be similar in strength to that
found in other Fe-based superconductors,35,39 including
AxFe2−ySe2.22,23 Therefore, the magnetic signal we have
observed in Lix(ND2)y(ND3)1−yFe2Se2 is consistent in
strength with the resonance peaks in other Fe-based su-
perconductors.
The observation of resonance-like magnetic peaks is
not unexpected, but their positions at Q1 and Q2 away
from |(0.5, 0)| (see Fig. 4) is surprising given the re-
sults of µSR31 and Fermi surface calculations30 which
suggest that these materials are similar to FeSe1−xTex
and iron-arsenide superconductors. It is also intrigu-
ing that, despite similar temperature dependence, energy
scale and absolute intensity, the signal is also not fully ex-
plained by the Qres = (0.5, 0.25) ≡ (pi, pi/2) as observed
for AxFe2−ySe2, but is very close to an initial prediction
made from a band structure calculation for AxFe2−ySe2
(Ref. 33).
In conclusion, we have observed magnetic fluctua-
tions in Lix(ND2)y(ND3)1−yFe2Se2 consistent with a
superconductivity-induced resonance peak at wave vec-
tors that are distinct from the (pi, 0) nesting wave vector
that characterizes magnetic fluctuations in FeSe1−xTex.
The magnetic wave vectors are better matched to those of
the superconducting component ofAxFe2−ySe2, although
5the match is not perfect. We find no evidence of a signal
at the wave vector corresponding to the
√
5 × √5 mag-
netically ordered component of AxFe2−ySe2. Since the
position of the magnetic resonance has important impli-
cations for the symmetry of the pairing function, these
results provide the motivation for better band structure
calculations and theory to understand the nature of su-
perconductivity in this material.
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